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I. INTRODUCTION

S
UPERCONDUCTING flywheel systems are a potential source for energy storage [1] - [3] . The amount of stored energy depends on the rotational speeds of the flywheel. Hence, efforts are on to develop high-speed flywheels to store hundreds of Kilowatts of electrical power. The flywheel comprises of magnetic and superconducting bearings. They are expected to provide a stable levitation of the flywheel rotor. The stability of the flywheel depends on many factors. One of those is the homogeneity of the magnetic fields and the second one is the interaction between the magnets and the superconducting samples. Variations in magnetic field lead to hysteresis losses in superconducting bearings. They in turn act as drag forces and affect the rotational speeds.
The superconducting bearings can be classified into two categories viz. axial (thrust) and journal (radial) bearings [2] . The former provides axial stiffness to stabilize the levitation while the latter supports the levitation with a lateral force. However, in a system comprising both the thrust bearing and the radial bearing, there is coupling between them and this is the subject of investigation in this report. In particular we examine the importance of journal bearings in providing additional support to the stiffness and rotational stability of the flywheel.
II. EXPERIMENTAL
The experiments have been performed on a flywheel system comprising an Evershed type magnetic bearing. the design and working have been reported elsewhere [3] . The magnetic bearing uses two NdFeB magnets (0.2 T each) to levitate a 35 kg rotor. One of the magnets is mounted on the shaft while the other is fixed to the center of the rotor. A copper plate between the two acts as eddy current damper. A set of superconducting YBCO pucks underneath the levitation magnets provides additional thrust and stability. Another set of YBCO samples interacts with the magnetic ring mounted on circumference of the rotor to provide additional vertical (axial) stiffness to the rotor. We have modified this design to include a journal bearing. The schematic of the new setup is shown in Fig. 1 . It consists of an Evershed type passive bearing as described above. The superconducting bearing underneath the rotor magnet consists of nine melt-grown YBCO pucks (30 mm diameter and 15 mm thickness) held in a cryostat connected to a closed cycle refrigerator. There is another NdFeB magnet (radial field) mounted on the rotor. It is a ring (inner diameter 170 mm and height 48 mm) with four alternating poles (0.1 T each and pole-pitch 12 mm). This interacts with another set of YBCO pucks held in the lower cryostat (see Fig. 1 ). The pucks are oriented such that their -axis is along the radial field direction. The cryostat is wrapped in superinsulation to minimize radiation losses. The setup is encaged in a vacuum chamber and evacuated to a pressure of 5 10 hPa. Rest of the design is similar to the one reported earlier [4] . 
III. RESULTS AND DISCUSSION
A. Superconductor Bearing Stiffness Measurements
Out of balance forces were measured by an arrangement of three load cells mounted on the loading plate (shown in the schematic in Fig. 1 ). Superconductor stiffness can be measured by varying the distance between the cryostat and the flywheel. A setup motor is attached to the shaft to raise or lower the flywheel. First, the flywheel assembly is raised to a height of 100 mm and the samples are zero-field cooled to a base temperature of 50 K. The assembly is lowered back toward the cryostat to record the force displacement curve from a certain height. We aim to compare the superconducting stiffness of the flywheel in two configurations i.e., the first one consisting of only the thrust bearing and the second one has both the thrust and the journal bearing. Fig. 2 shows the force-displacement data in the two configurations. In Fig. 2 , the continuous curve represents the former while the crosses represent the latter. The two curves are similar with a maximum stiffness of 7 N/mm.
The broken line in Fig. 2 represents a force-displacement curve obtained by modeling a superconducting thrust bearing. The modeling is done using the method of solution of the critical state as described in [5] . So the different magnet positions are simulated, which originate a change in magnetic flux in the superconductor, giving rise to a current distribution according to the critical state model. Since in our case the force on the superconductor is due to a current distribution in a magnetic field we can calculate it using the Lorentz force equation.
(1)
Where is the current distribution in the superconductor, is the magnetic field created by the magnet, and is the volume of the superconductor.
is considered constant and independent of magnetic field as well as temperature. We have simulated the bearing by assuming that the superconductor is a continuous ring. Since the superconductor rings are made of a set of individual samples, we have imposed an extra condition to the simulated rings, which is that the net current flowing in every section of the superconducting ring is zero. These approximations allow us to reduce the 3D problem to an axially symmetric problem. Fig. 3 shows the force-displacement curve for the radial bearing. The superconducting pucks from the upper cryostat (see the schematic in Fig. 1 ) were removed so that the axial bearing does not interfere with the stiffness measurements of the radial bearing. However, there is a possibility of the levitation magnets interacting with the samples in the lower cryostat (used for radial bearing). As mentioned in the experimental section the radial bearing consists of a magnetic ring with four alternating poles. The force-displacement curve in Fig. 3 resembles a pair of potential wells. The rotor can be localized in either of these two wells for a stable rotation. Consider a magnet moving past another magnet. The lateral force vs. lateral displacement would look like the one shown in Fig. 4 . We must mention here that in a coupled system like ours the lateral force acts along the axial force. Similar displacement curves for a magnet moving past a superconductor have been reported earlier [6] . If we have a magnet with four alternating poles, the diamagnetic response of a superconductor would Fig. 5 . Force-displacement curves to measure overall stiffness of the flywheel comprising both the axial and radial superconducting bearings. Note that the force is minimum at about 20 mm. This is the levitation point. In the upward trace, the rotor is already released from the load plate.
just be an addition of individual curves. However, the results in Fig. 3 depict a much different situation. Due to partial flux penetration, shearing of the flux lines and alternating polarities of the magnetic field, the result is a combination of attractive and repulsive forces. The separation between a maximum and a minimum is about 12 mm which is same as the pole pitch. The two maxima have different heights due to the interaction between the levitation magnets and the samples in the lower cryostat. This generates a monotonically increasing force as the flywheel moves closer to the cryostat.
It is worth noting here that the presence of maxima and minima produces preferred levitation heights and potentially removes the need for the magnet bearing component of the Evershed system.
B. Levitation
The rotor can be levitated in an equilibrium position when the net forces on it are zero. The forces required to lift the rotor are provided by the attraction between the levitation magnets. The overall stiffness of the bearing is a summation of the forces between these magnets and an upward thrust force due to superconductor bearing. For a stable levitation it is essential that the superconducting bearing stiffness be higher than that of the levitation magnets. To measure overall stiffness, the levitation magnets are moved apart by a load motor with the initial separation between the levitation magnets at 8 mm. In the process, the lower levitation magnet moves closer to the superconducting pucks. As the magnet-magnet force decreases, the magnet-superconductor force increases. Fig. 5 describes the force-displacement curve for overall stiffness measurement at 50 K. The distance refers to the separation between the lower levitation magnet and the samples in the upper cryostat. The rotor was levitated at a height of 20 mm where the radial bearing stiffness resembles a potential well (in Fig. 3 ). When compared with the earlier results in [3] , these force-displacement curves are much sharper. There is a periodic noise riding on the curves which we expect is due to a burr on the threads of the shaft. 
C. Spin-Down Tests
Spin-down tests are a measure of the losses in a flywheel. The time taken by the rotor to come to rest after rotating freely at a certain frequency is indicative of the frictional and drag forces. If the rotor wobbles or undergoes lateral and vertical displacements, the magnetic fields experienced by the superconductors change dynamically. It leads to losses and slows down the rotor.
The rotor is attached to the load plate by levitation magnets with just enough force to hold it and be able to set it rotating with the help of a motor. Soon after the rotor is set rotating, the levitation magnets are moved apart. The force on the rotor traverses the displacement curve shown in Fig. 5 and detaches when the force reached a minimum. This sets the rotor spinning freely. The frequency of rotation was measured by rpm meter placed about 4-5 mm from the rotor. Spin-down measurements were done by collecting frequency vs. time data.
We attempted to operate the flywheel at 2 Hz with just the thrust bearing. Fig. 6 shows the spin-down test results. The rotor was unstable even though it remained levitated and came to rest quickly. Next we attempted to operate the flywheel with both the thrust and the radial bearing in place. Fig. 7 shows the results of the spin down test. The rotor came to rest after about 35 minutes-an order of magnitude higher than that of Fig. 6 . The rotor had lateral and vertical displacements, but the rotation was stable. The radial bearing could hold these displacements to reasonable amplitudes. The decay rates of the rotor are a measure of the drag forces. We estimated the coefficients of friction in the two cases by using the following equation.
(2)
Where and are drag force and lifting force respectively, is the radius of the rotor and is the radius at which the drag force acts.
is the decay rate. With cm and and 1 10 (calculated from Figs. 6 and 7 respectively), we obtain the coefficients of friction for the two configurations as and 7.6 10 . The spin-down curves are almost linear indicating that the losses are Not that the spin-down time is an order of magnitude higher than that without the radial bearing.
almost entirely hysteretic, and the presence of the radial bearing reduces by an order of magnitude.
IV. CONCLUSION
We have investigated axial and journal bearings for use in flywheel energy storage systems. It is demonstrated that journal bearing system can effectively arrest the wobbling of the rotor and limits the vertical and lateral displacements to reasonable amplitudes. The alternating magnet poles on the journal bearing help to localize the rotor and provide greater stablity. Spin-down tests show low hysteresis losses. To the best of our knowledge, this is the first demonstration of a journal bearing with alternating poles acting in concert with an axial bearing.
